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COMPRESSIBILITY OF NATURAL GAS AND ITS CONSTITUENTS, WITH 
ANALYSES OF NATURAL GAS FROM 31 CITIES IN THE UNITED STATES. 


By G. A. Burret and I. W. Ropertson. 


INTRODUCTION. 


As a continuation of the work described in a previous publication 
of the Bureau of Mines,? which presented the compressibility of the 
natural gas used in Pittsburgh, Pa., at pressures ranging from atmos- 
pheric up to 35.5 atmospheres, this paper shows the compressibility 
of three of the hydrocarbon gases (methane, ethane, and propane) 
that comprise natural gas, of carbon dioxide (another constituent of 
natural gas), and of natural gas from nine different cities. In addi- 
tion, it contains analyses of natural gas from 31 cities and presents a 
formula by which the compressibility of any natural gas can be 
determined from the analysis. Data regarding other analyses, and 
the composition and characteristics of natural gas, are given in 
previous publications of the Bureau of Mines.” 

From the results obtained by the ordinary combustion analysis of 
samples of natural gas the authors determined the compressibility of 
the samples collected in nine cities. The analyses of these samples 
are shown below: 


TABLE 1.—Analyses of samples of natural gas from nine cities in the United States. 


Constituents. | 
City. 3 \ a — | Total. 

CO; CH, C:He | Na HS | 
Little Rock Ark, c.32 sede fens. 3 egectinssd 1.0 96.7 0.0 | 2.3 100.0 
Bartlesville, Okla.......... 2.8 89.1 4.2! 3.9 |. 100.0 
Clevelund, Ohio. ....-..---- 0.0 83.6 15,7 0.7). 100.0 
Tos Angeles, Cal........... Saas 25.1 59.1 14.5 1.3). 100.0 
POlGStIBe ee cccus seas acer cet gsitalcuacen 0.5 95.6 0.0) 3.9. 100.0 
Bultalo; Ny Nev esas cnvesvageascecayerees 0.0 88.1 11.5 04. 100.0 
Kansas Cit: Mo acacia coos 0.8 $4.1 6.7 8.4]. 100.0 
Oharloston: WV. Was scenes sadacied na ceeds ars 0.0 76.8 22.5 0.7 100.0 
ONO Td casadasteeucedsd sex reesabeniare 0.0 37.5 59. 6 | 17 100.0 

\ 


a Burrell, G. A., and Robertson, I. W., The compressibility of natural gas at high pressures: Tech, 
Paper 131, Bureau of Mines, 1916, 12 pp. 

> Burrell, G. A., and Seibert, F. M., The sampling and examination of mine gases and natural gas: Bull 
42, Bureau of Mines, 1913,116 pp. Burrell, G.A., Seibert, PF. M., and Robertson, I. W., The analysis of 
natural gas and artificial illuminating gas by fractional distillation at low temperatures and pressures, 
Tech. Paper 104, 1915, 41 pp. Burrell, G. A., and Oberfell, G. G., The composition of the natural gas used 
in 25 cities: Tech. Paper 109, Bureau of Mines, 1915, 22 pp. 
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6 COMPRESSIBILITY OF NATURAL GAS, 


PREPARATION OF PURE GASES. 


The methods used in preparing pure gases for compressibility deter- 
minations were as follows: Methane, fractional distillation of natural 
gas at low temperatures and pressures; ethane, electrolysis of sodium 

acetate; propane, action of 

j propyl iodide on a zine-cop- 

per couple; carbon dioxide, 

action of sulphuric acid on 

a solution of potassium bi- 
carbonate. 

In preparing these gases 
extreme care was used to 
rid them of all impurities. 
In every case the final 
method of purification was 
fractional distillation at low 
temperatures and pressures. 


DETERMINATION OF COM- 
PRESSIBILITY. 


The apparatus with which 
the compressibility of the 
gases was determined is 
shown in figure 1. The 
three capillary tubes e, d, 
and c, passed through stuff- 
ing boxes into the chamber 
of the steel compression 


— 


———— 


ee 


illary tubes, thereby com- 
pressing to the desired 
degree the gas contained 
therein. The capillary tube 
c contained the gas whose 
compressibility was meas- 
ured. The tubes d and e 
contained pure air and served as air manometers (pressure gages.) 
The pressure-volume curve for air had been determined in previous 
experiments, reported in Technical Paper 131,* so that with any 


WA | machine a, This chamber 
I Hy MATH contained mercury, and by 
| } Hl | screwing the plunger 6 into 
- | l | \ f the mercury, the latter could 
at [ Sean be forced into the glass cap- 


Figure 1.—Apparatus for determining compressibility of gas. 


«Burrell, G. A.,and Robertson, J. W., The compressibility of natural gas at high pressures: Tech. 
Paper 131, Bureau of Mines, 1916, p. 8. 
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. ' DETERMINATION OF COMPRESSIBILITY. : q 


position of the mercury in the tubes d and e, the pressure of the air 
could be determined. The gas in the tube ¢ was always under the 
same pressure as the air in the tubes d and ¢ plus or minus the differ- 
ence in height of the mercury columns in the air manometer and gas 
m.ometer, therefore the pressure on the gas could be ascertained, 

The glass capillary tubes c, d, and e were 0.8 mm. inside diameter 
with white backgrounds and were graduated as purchased. They 
were calibrated by means of the arrangement shown in figure 2. The 
capillary tube e, surrounded by a water jacket, d, fitted at the lower 
end into a small screw plunger, a, containing 
mercury and at the upper end it bent into a 
small porcelain capsule, b, that contained 
mercury. To calibrate the capillary tube, a 
small amount of weighed mercury was placed 
in 6 and a thread of it, ¢, was drawn into the 
tube by manipulating the screw plunger a. 
The remainiug mercury in b was next weighed 
and the loss in weight from the original weight 
gave the weight of the small column of mer- 
eury c. This small column was then moved 
by means of the plunger @ along the tube e 
and the volume of the latter calculated from 
the weight of the mercury thread. 

The compressibility of the gases was deter- 
mined at a temperature of about 15° C. (59° 
F.). Water in the water jackets e, d, and c of 
the compression machine, figure 1, was kept at 
a constant temperature by passing it through 
the vessel a, figure 3. Tap water of a lower 
temperature than 15° C. was forced into the 
Wolff bottle 6 at e (see fig. 3). Thence it 
passed into a 5-gallon vessel a that was warmed 
with a Bunsen flame so as to keep it at a tem- 
perature of 15° C. The water next passed 
into the water jacket of the compression ma- Fistre 2.—Arrangement for 

a 7 * “ : calibrating capillary tube. 
chine. No trouble was experienced in keeping 
the temperature within +0.3° of 15°C. during a determination that 
lasted not longer than one hour. ‘ 

The compressibility data for the natural gas used in Buffalo, N. Y., 
are shown in the following table, which gives the volume of the gas, 
the pressure corresponding to the volume, the product of the pressure 
and volume, and the deviation from a perfect gas (volume varying 
with pressure according to Boyle’s law). Similar data were obtained 
for all the gases whose compressibility was determined. 
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8 : COMPRESSIBILITY OF NATURAL GAS. 


Ficure 3.—Constant-temperature bath, 


TasLe 2.—Compressibility data for natural gas used in Buffalo, VN. Y. 


Product 3 Product acti 
Volume | Pressure | or pres- |, ,Pevia- || voinme Pressure | of pres- | ,.Devia- 
of gas tion from of gas tion from 
of gas (atmos- esatd and perfect of gas (atmos- sure and perfect 
(c. ¢.). pheres). eu. fas.a (c.¢.). pheres). eve gas.@ 
| 
—— - ES ————— 
0. 48540 1.32 0. 6407 99. 6 0. 02854 21.25 0. 6084 93.5 
. 40180 1.61 . 6469 99. 1 02557 23.55 ~ O22 926 
. 28690 2. 22 - 6569 99.0 - 02264 26.45 2 BOSS 91.8 
20150 3.04 O47 os. 4 02138 27.83 «5950 91.3 
. 12030 5. 25 26815 97.8 -O1W04 31.09 - 5919 90.8 
. 10430 6.04 97.5 OIS4S 32. 04 - 5904 90.7 
 OSS6O : 97.2 01721 34.12 SX 
07640 6267 97.1 . O1635 35. 86 
06420 +6247 96,7 .01573 37.13 
05282 - 6231 96.2 -OLASS 39, 21 
. 04630 . 6200 95.6 01449 39.04 
04043 - 6170 95.1 01420 40.71 
03450 61 O44 201898 41.52 
- 03151 - OO9T 93.9 - O1560 42.19 


| 


a On the basis of a perfect gas being rated cs 190. 
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FORMULA FOR COMPRESSIBILITY. 9 


The data shown in figures 4, 5, 6, and 7 give the results of measuring 
the compressibility of the natural gas used in nine different cities 
and of several pure gases that are found in natural gas. The com- 
pressibility of these pure gases was determined so one could after 
making a simple analysis of a given natural gas determine its com- 
pressibility by referring to these curves. The procedure would be as 
follows: 


DEVIATION OF FORMULA FOR COMPRESSIBILITY. 


The natural gas used in Buffalo is composed of 88.1 per cent CH,, 
11.5 per cent C,H, and 0.4 
percent N,. Suppose it is 
desired to determine the 
compressibility of this gas 
at a pressure of 40 atmos- 
pheres 

(1) The partial pressures 
of the three constituents 
are: 


FEE 


sc 


CH,=0.881 ¥40=35.2=P, 
C,H,=0.115X40= 4.6=P, 
N,=0.004X40= 0.2=P, 


(2) According to the 
compressibility curves in 
figure 7 the deviations per 
atmosphere for methane, 
ethane, propane, and car- 
bon dioxide are: 


CH,=a=0.228 per cent 
C,H,=b=0.90 per cent 
C,;H,=c=1.9 per cent 

CO,=d=0.67 per cent 


and the valuesfor nitrogen —_-Ficure 4.—Compressibility curves of natural gas from 
‘ Palestine, Ill., and Buffalo, N. Y. 
and air are: 


N,=e=0.01 per cent 
Air=f{=0.05 per cent 
(3) The formula for the total deviation thus becomes: 
D=aP,+bP,+cP3+dP,+etc. 
Substituting values of (1) and (2) in (3) 


D=(0.22835.2)+(0.90 X4.6)=8.03+4.14=12.17 per cent, or 87.83 on the basis of an 
ideal gas being 100. 
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10 COMPRESSIBILITY OF NATURAL GAS. 


The calculated and the determined deviations at a pressure of 20 
atmospheres are shown in the following table for the different samples 
of natural gas whose compressibility was determined by the authors. 


Calculated and determined compressibility of natural gas at a pressure of 20 atinospheres, 
from nine cities. 


Observed Calculated 
City. deviation. deviation. 
Little: Rock: Ake sc: itsc8 ccbies bimesseseswarss. 0% Pee 95. 6 
Palestine, TW): <cc.c56e42c axed etiecssevsonewee 95. Ses sivsoces 95. 6 
Kansas City; Mo sccuscescacscsaciascintsicicacsescew OB: Ousicvasccse 95. 6 
Cleveland: Ohio: ..25<22hevcecteswsssessasscsaoes 95. Vosccteaniss 95. 5 
Bartlesville, Oklasicccisedsexiooccesjes Seckcenesictes OheOre cancorae 98 2 
Buftalo; Ni ¥aessesseesaciaseet sancls ostemeoacveted 40sec ace hee 93. 9 
Charleston, W... V8i.cnsccscascscisecicececcmecioceswss 038;6. cccscines 92.5 
Loe: Angeles; Cal ss 2:52 is ncctcosiinca iscesncees 92 Osc eee csi 91.4 
Oey; Ti snessiescsesssessentessacacdantesoass SY fly ase eee 87.6 
aan cessseaseEEssaeeses su GeeerTaGeeetezz 
Snresar cine eer 
sol 7 coo BeSeey san H H Coe 
ee 
ao +. 
a5 AT ane cH HH ar 
ob 
ae a - 


PRESSURE, ATMOSPHERES 


90 35 
CORRECTION, PER CENT 


Ficure 5.—Compressibility curves of natural gas from Kansas City, Mo., Charleston, W. Va. and 
Olney, Ill. 


The results show that it is possible to calculate the compressibility 
of natural gas from different sources, provided an ordinary analysis 
of the natural gas has been made. This is important because the 
direct determination of compressibility is a tedious and somewhat 
difficult operation. 
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FORMULA FOR COMPRESSIBILITY. 11 


$0 
CORRECTIONS, PER CENT 


Figure 6.—Compressibility curves of natural gas from Little 
Rock, Ark., Bartlesville, Okla., Cleveland, Ohio, and Los 


Piri 
aio Screiinctintt 


CORRECTION, PER CENT. 
FiGuRE 7.—Compressibility curves of methane, carbon dioxide, ethane, and propane. 
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12 COMPRESSIBILITY OF NATURAL GAS. 
WORK OF AMAGAT AND OMNES. 


Of interest in this connection is the work of E. H. Amagat* on 
the compressibility of air, methane, ethylene, carbon dioxide, and 
carbon monoxide, and of Kamerlingh-Omnes ® on helium. 

Curves showing the results of the work of Amagat and Omnes are 
given in figures 8 and 9, wherein the solid lines represent the range 


120 100 80 60 40 20 
DEVIATION, PER CENT 
FIGURE 8.—Compressibility curves of three gases, according to 
Amagat and Omnes. 


of compressibility they studied. The dotted lines were extrapolated 
by the authors of this paper. 

Amagat’s work on carbon dioxide corresponds fairly closely with 
the work of the authors on that gas. At 30 atmospheres pressure the 
authors found a deviation of 20 per cent from an ideal gas, whereas 


2 Landolt and Bornstein, l’hysikalisch chemische Tabellen, 4th ed., pp. 64, 65, 66, 
+ Same, p. 63, 
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COMPOSITION OF NATURAL GAS, 13 


Amagat found 21 per cent. For methane Amagat found a deviation 
of 9 per cent at 40 atmospheres (by extrapolation), which is the same 
as the authors found. 


COMPOSITION OF NATURAL GAS. 


The results of the examination of samples of natural gas collected 
in 31 cities in the United States other than the cities named in Tech- 


pes 


PNET TTT 


Pers 


120 100 80 60 0 2 
DEVIATION, PER CENT 


FiGure 9.—Compressibility curves of air and of three gases, 
according to Amagat and Omnes. 


nical Paper 109¢ are given in the following table. Methods of analysis 
and various properties of natural gas are discussed in that paper. 

By means of the formula given on page 9, the compressibility of 
each natural gas in the table can be determined from the analysis. 


@ Burrell, G. A.,and Oberfell, G. G., The composition of the natural gas used in 25 cities, with a discus- 
sion of the properties of natural gas: Tech. Paper 109, Bureau of ines, 191 3, 22 pp. 
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14 COMPRESSIBILITY OF NATURAL GAS. 


TaBLE 3.—Analyses of natural gas collected in 31 cities in the United States. 


5 3 Calculated 2 
: Ss Z P % heating value, 3 ay 
s 34|3 Fo a B, t.u. per au 
vA ben | rea] =3 o cubic foot ay 
2 | State. County. Town. aa1o | g [PS] Z (76) mm. 3 
§ Sis | = e| a pressure). | Sy 
= iI 5 2 al & an 
BS ed) 2/8 sé Pa st 
2 B12 1212 | 2 loc. |o- gs 
4. £2 als FO S~ | OB 
7176 | Ala....... Fayette....... | 97.6 | 97.6} 0.0} 0.3 | 2.10} 1,039 983 | 0.57 
T09 | .| Crawford... ... 99.2; 99.2 0.0] .20] .6 1,057 | 1,000 - 56 
6558 Vulashi 96.7 | 96.7) 0.0) 1.00] 2.3 1,030 974 ay 
TAL 93.5 | 77.5 | 16.0 | 6.50] 0.0 1,123 | 1,062 +70 
F359 73.1 | 59.2 | 13.9 26.20 | .7 8389 541 88 
7340 98.0 | 70.0 | 28.0} 1.10 9 1, 267 1,199 -71 
THY | Tieoss cscs 97.1 | 37.5 | 59.6] 0.0 1.7 1,591 | 1,505 - 86 
6857 |...do......| Crawford... ...| 95.6 | 95.6) 0.0} .5 | 3.9 1,018 6 58 
W147) Trad. as cae Adams........ Geneva.......| 98.8 | 75.4 | 23.4 | 0.0 1.2 1,238 1,171 . 68 
7280 | Kans..... Montgomery ..| Coffeyville....; 98.0 | 980] 0.0 | 1.2 -8 1,044 988 57 
7148 |...d0,..... Crawiord...... Pittsburg..... 93.0} 9.5] 25] .4 | 66 1,010 955 -60 
7173 |. Kyzs.s-o2) Boyd. ssasscec Ashland...... 79.0 | 75.0] 24.0] .0 |1.0 | 1,245] 1,178] .68 
7205 |...d0...... Fayette....... Lexington....) 99.0 | 76.4) 22.6] .0 | 1.0 1,234] 1,167 .67 
6547 | Mo....... Jackson....... Kansas City...| 90.8 | 8.1] 67] .8 | 84 1,025 965 | .63 
72333 Chenango..... Elmira. ....... 99.0 | 84.0) 15.0) .0 | 1.0 1,174] 1,111 - 63 
7240 Allegany...... Bolivar....... 97.4 | 59.8] 37.6) .4 | 22 1,336 | 1, 264 75 
68533 | Pay Pf ee Buifalo....... 99.6) 881) 1151) .0 4 1,152] 1,090 -61 
6856 Genesee. . Pavilion. ..... 98,7/ 91.9] 68) .0 11.3 1,105} 1,045 .59 
6817 )...do......| Alleguny...... Wellsville... 98.0 | 7811199, .0 | 20 | 1,202] 1,137] .65 
7151 Ashtabula..... 98.7} 82.2) 16.5) .0 | 1.3 | 1,182] 1,118 +65 
B37 Lima.. 96.3 | 83.5] 128] .0 |3.7 | 1,127] 1,066] .63 
7169 | Piqua, .| 90.9] 7831126) .2 |} 89 | 1,068] 1,010 . 66 
7171 .| Sandus -| 95.0] 83.5] 125)] .2 (3.8 1,122} 1,061 63 
7266 Utica........, 93.9] 74.8] 191) .3 |58 | 1,152] 1,090] .68 
| 
7279 Guthrie....... 91.9] 73.5]184] .0 |8&1 | 1,125] 1,064] .68 
7277 Sapulpa....... 98.38) 93.1)] 57] .4 8 1,098 | 1,089 59 
TIR1 | Altoona....... / 9.01900] 90] .2 | .8 | 1,126] 1,005] .60 
6515 ..| Venango...... Oil City... 2... 97.7 | 64.3] 33.4] .0 [3.3 | 1,306] 1,235] .74 
7353 .| McKean...... St. Marys..... 99.2 | 880] 11.2] .0 38 1,146 | 1,084 - 61 
7167.2 dQ2s0-2)raese Carers: Sharon........ 99.3 | 32.3] 67.0] .0 | .7 | 1,591] 1,505] .89 
6845 Kanawha..... Charleston. ...| 99.3 | 76.8] 22.5] .0 ra 1,236 | 1,169 - 67 
T7384 Harrison...... Clarksburg. ...| 99.3 | 66.6] 32.7] .0 xj 1,318] 1,247 72 
7175 Marion........ Fairmont..... 99.0 | 82.0] 17.0] .1 a) 1,189} 1,125 - 64 


@ Contained also 1.2 per cent hydrogen sulphide (H:8.) 


Notr.—The sum of the methane, ‘ethane, carbon dioxide and nitrogen totals 100 
per cent. 
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PUBLICATIONS ON NATURAL GAS AND INDUSTRIAL GASES. 


A limited supply of the following publications of the Bureau of 
Mines has been printed and is available for free distribution until 
the edition is exhausted. Requests for all publications can not be 
granted, and to insure equitable distribution applicants are requested 
to limit their selection to publications that may be of especial interest 
to them. Requests for publications should be addressed to the 
Director, Bureau of Mines. 

The Bureau of Mines issues a list showing all its publications 
available for free distribution as well as those obtainable only from 
the Superintendent of Documents, Government Printing Office, on 
payment of the price of printing. Interested persons should apply 
to the Director, Bureau of Mines, for a copy of the latest list. 


PUBLICATIONS AVAILABLE FOR FREE DISTRIBUTION. 


Bu.ietin 6. Coals available for the manufacture of illuminating gas, by A. H. 
White and Perry Barker, compiled and revised by H. M. Wilson. 1911. 77 pp., 
4 pls., 12 figs. 

Butietin 55. The commercial trend of the producer-gas power plant, by R. H. 
Fernald. 1913. 93 pp., 1 pl., 4 figs. 

Buuetin 88. The condensation of gasoline from natural gas, by G. A. Burrell, 
F. M. Seibert, and G. G. Oberfell. 1915. 106 pp., 6 pls., 18 figs. 

Bu.tetin 89. Economic methods of utilizing western lignites, by E. J. Babcock. 
1915. 74 pp., 5 pls., 5 figs. 

Butvetin 109, Operating details of gas producers, by R. H. Fernald. 1916. 74 pp. 

TECHNICAL ParER 9. The status of the gas producer and of the internal-combustion 
engine in the utilization of fuels, by R. H. Fernald. 1912. 42 pp., 6 figs. 

TECHNICAL Paper 38. Wastes in the production and utilization of natural gas, and 
methods for their prevention, by Ralph Arnold and F.G. Clapp. 1913. 29 pp. 

TECHNICAL Parer 104. Analysis of natural gas and illuminating gas by fractional 
distillation in a vacuum at low temperatures and pressures. by G. A. Burrell, F. M. 
Seibert, and I. W. Robertson. 1915. 41 pp., 7 figs. 

TeEcHNICAL PareR 106. Asphyxiation from blast-furnace gas, by F. H. Willcox. 
1916. 79 pp., 8 pls., 11 figs. 

TecHNICcAL Paper 112. The explosibility of acetylene, by G. A. Burrell and 
G. G. Oberfell. 1915. 15 pp. 

TECHNICAL Paper 131. The compressibility of natural gas at high pressures, by 


G. A. Burrell and I. W. Robertson. 1916. 11 pp., 2 figs. 
15 
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PUBLICATIONS THAT MAY BE OBTAINED ONLY THROUGH THE SUPER- 
INTENDENT OF DOCUMENTS. 


Buuetin 4. Features of producer-gas power-plant development in Europe, by 
R. H. Fernald. 1910. 27 pp., 4 pls., 7 figs. 10 cents. 

Butetin 7. Essential factors in the formation of producer gas, by J. K. Clement, 
L. H. Adams, and ©. N. Haskins. 1911. 58 pp., 1 pl., 16 figs. 10 cents. 

Butvetin 9. Recent development of the producer-gas power plant in the United 
States, by R. H. Fernald. 82 pp., 2 pls. 15 cents. 

BuLtetin 13. Résumé of producer-gas investigations, October 1, 1904, to June 30, 
1910, by R. H. Fernald and C. D. Smith. 1911. 393 pp., 12 pls., 250 figs. 65 
cents, 

Bu ietin 19, Physical and chemical properties of the petroleums of the San 
Joaquin Valley, Cal., by I. C. Allen and W. A. Jacobs, with a chapter on analyses 
of natural gas from the southern California oil fields, by G. A. Burrell. 1911. 60 
pp., 2 pls., 10 figs. 10 cents. 

Butverin 31. Incidental problems in gas-producer tests, by R. H. Fernald, C. D. 
Smith, J. K. Clement, and H. A. Grine. 29 pp., 8 figs. 5 cents. 

Buiuetin 42. The sampling and examination of mine gases and natural gas, by 
G. A. Burrelland F. M. Seibert. 1913. 116 pp., 2 pls., 23 figs. 20 cents. 

Tecunicat Parer 3. Specifications for the purchase of fuel oil for the Government, 
with directions for sampling oil and natural gas, by I. C. Allen. 1911. 13 pp. 5 
cents, 

TECHNICAL PaPeR 10. Liquefied products of natural gas, their properties and uses, 
by I. C. Allenand G. A. Burrell. 1912. 23 pp. 5 cents. 

Tecunicat Paper 20. The slagging type of gas producer, with a brief report of 
preliminary tests, by C.D. Smith. 1912. 14 pp.,1 pl. 5 cents. 

Trecunicat Paper 54, Errors in gas analysis due to the assumption that the molecu- 
lar volumes of all gases are alike, by G. A. Burrell and F. M. Seibert. 1913. 16 pp., 
lfig. 5 cents. 

TecHNICAL Paper 57. A preliminary report on the utilization of petroleum and 
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